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Efeito da granulometria na deformação e quebra de lastro ferroviário
Abstract

O efeito da granulometria no comportamento mecânico do lastro tem sido estudado por vários pesquisadores
no passado. A revisão de estes estudos indicaram que uma gradação mais uniforme que as atualmente usadas
pela indústria ferroviária, diminuiria a deformação permanente e degradação do lastro ferroviário. Neste
estudo, o equipamento prismoidal triaxial cíclico projetado e construído na Universidade de Wollongong foi
utilizado. Duas granulometrias de lastro foram testadas sob tensão vertical cíclica máxima de 450 kPa. Os
resultados mostraram que a granulometria teve grande influencia a deformação permanente e quebra de lastro
ferroviário.
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Effect of particle size distribution on railroad ballast deformation
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ABSTRACT: The effect of the particle-size-distribution on mechanical behaviour of ballast has
been studied by several researchers in the past. The review of these past studies indicated that more
uniform gradation than actually used by the railway industry would decrease permanent
deformation and degradation of railroad ballast. In this study, the prismoidal cyclic triaxial
apparatus designed and built at the University of Wollongong was used. Two different particle size
distributions of ballast were tested under cyclic vertical maximum stress of about 450 kPa. The
results showed that gradation had major influence on the permanent deformation and breakage of
railroad ballast.
KEY-WORDS: Ballast, Railway, Gradation, Breakage, Permanent deformation.
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INTRODUCTION

Railroads deform both vertically and laterally
under cyclic loads as a result of varying traffic
loads and speeds, causing significant deviation
from its designed geometry over time. The
geometry of railway tracks requires specific
level and alignment in order to have acceptable
ride quality and to meet safety standards
designated by industries. For ballasted railway
tracks, the level and alignment of the track
structure strongly rely on the mechanical
characteristics of the granular substructure, in
particular the ballast layer. The ballast layer has
a significant role in dissipating and effectively
distributing the load from the track
superstructure to the underlying bearing
subsurface.
This paper presents the results of cyclic
loading tests conducted on fresh railroad ballast.
The model tests were conducted using a large-

scale prismoidal triaxial chamber that was
designed and built at the University of
Wollongong. The lateral displacement of
railroad ballast in the field is not restricted in
the absence of sufficient lateral stress
(confining pressure); hence the prismoidal
triaxial chamber with unrestrained sides
provides an ideal facility for physical modeling
of the deformations of ballast under cyclic
loading (Indraratna and Salim 2003; Indraratna
et al. 2006, 2007, 2012; Indraratna and
Nimbalkar 2013). The objective of this study
was to evaluate the deformation and
degradation of ballast under a large number of
loading cycles and to study the influence of the
two different gradations. One of them was
according to PSD recommended by Indraratna
et al. 2004 as an improvement to Australian
Standard AS 2758.7 (1996) and the other one
was prepared in accordance with Brazilian
standard NBR 5564 EB-655.
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EXPERIMENTAL SETUP

2.1

Triaxial Testing Apparatus

The large-scale prismoidal triaxial chamber
used in this study can accommodate specimens
800 mm long, 600 mm wide, and 600 mm high
(Figure 1). To build physical model of ‘in-situ’
railroad track, the prismoidal test chamber was
filled in four layers. This is a true triaxial
apparatus in which three principal stresses (σ1,
σ2 and σ3) can be applied. Because each vertical
wall of the test chamber can move
independently in a horizontal direction, the
ballast specimen is free to deform laterally
under cyclic vertical load and external lateral
pressures. Although the actual stress states may
not be simulated exactly, especially at the soilwall interfaces, this particular large-scale
chamber is able to reasonably simulate stresses
and deformations of ballast as encountered in
actual track (Indraratna and Nimbalkar, 2013).
Cyclic vertical stresses were measured using
pressure cells made of stainless steel (12 mm in
thickness, 230 mm in diameter) installed at the
sleeper-ballast and ballast-subballast interfaces.
To
measure
vertical
and
horizontal

deformations of the ballast, settlement pegs
(consisting of 100 × 100 × 6 mm steel base
plates attached to 10 mm diameter steel rods)
and electronic potentiometers were installed at
various interfaces such as sleeper-ballast,
ballast-subballast, respectively (Figures 1 and
2).
2.2

Material Description

The fresh ballast used in the present
investigation is latite basalt which contained
sharp angular coarse aggregates. Their required
physical properties (Indraratna et al. 1998) were
evaluated using the standard test procedures as
per AS2758.7 (Standards Australia 1996).
Latite basalt is a fine-grained, very dark, and
dense aggregate that contains the essential
minerals plagioclase (feldspar) and augite
(pyroxenes).
Two samples were prepared with two
different particle size distribution (PSD). One
sample was according to PSD recommended by
Indraratna et al. (2004) and the other sample
was prepared in order to Brazilian standard
NBR 5564 EB-655 (Table 1, Figure 3).

Figure 1. Schematic illustration of cyclic triaxial chamber

Figure 2. Prismoidal cyclic triaxial apparatus.

2.3
Table 1. Particle-size-distribution characteristics of
materials.
Gradation A
Gradation B
Maximum diameter
63
63
Minimum diameter
13.2
19
d10
16
27
d30
27
33
d50
33
38
d60
37
41
d90
50
48
Cu
2.31
1.52
Cc
1.23
0.98
USCS Classification
GP
GP
100

Gradation A
(Cu=2.31)
Gradation B
(Cu=1.52)

Percentage passing (%)

90
80
70
60
50
40
30
20
10

Test Procedure and Programme

2.3.1 Preparation of Test Specimens
A 150 mm thick compacted sandy gravel was
used to represent the subballast layer. The upper
two layers, i.e. load bearing ballast (300 mm
thick) and crib ballast (150 mm thick),
consisted of fresh ballast. A timber sleeper and
rail segment was placed above the compacted
load-bearing ballast, and the space between the
sleeper and walls was filled with crib ballast.
The 300 mm thick layer of ballast was
compacted in four 75 mm thick layers and the
subballast (150 mm thick) was compacted in
three 50 mm thick layers to achieve
representative field densities. The compaction
was carried out using a hammer. The dry unit
weights (γ) of the compacted ballast and
subballast layers were 15.69 and 19.61 kN/m3,
respectively. The corresponding initial void
ratios (e0) of the ballast and subballast layers
were 0.69 and 0.35, respectively.
2.3.2 Testing Procedure

0
10

Sieve size (mm)
Figure 3. Particle size distribution and uniformity
coefficients of ballast.

A cyclic vertical stress (σ´1cyc) was provided by
a servo-hydraulic dynamic load actuator and
transmitted through a 100 mm diameter steel
ram to physical model. In railroad track
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EXPERIMENTAL RESULTS

3.1

Settlement Characteristics

The vertical deformation of ballast was
computed by excluding the deformation of the
layers of subballast and subgrade and are shown
in Fig. 4.
0

Number of Load Cycles, N (x103)
50
100
150

200

0
Ballast Vertical Deformation, Sv (mm)

environments, the confining pressure is of
major concern (Lackenby et al. 2007). Under
normal railroad track environments, a
significant lateral movement is observed in the
ballast layer which is primarily attributed to
reduced lateral restraint at the edge of sleeper
(Indraratna et al. 2010, 2011, 2014). To
simulate track behavior under such low
confinement, small lateral pressure (σ´2 = 10
kPa) perpendicular to sleeper, and (σ´3 = 7 kPa)
parallel to sleeper were applied to simulate field
confinement. Confinement in a real railroad
track generally is provided by the weight of the
crib and shoulder ballast, along with a frictional
interlock between particles of angular ballast
and interaction between sleeper and ballast.
Initially, a strain-controlled stage was
performed (at a constant rate of 1 mm/s) until
the mean level of cyclic deviator stress
(σ´1mean,cyc) was reached. Afterward, a stress
controlled test with a harmonic sinusoidal
cyclic stress amplitude of ∆σ´1cyc = σ´1max,cyc σ´1min,cyc was carried out [Fig. 2(b)]. Initial
readings of load cells, potentiometers, and
settlement plates were taken, and then a cyclic
maximum stress (σ´1max,cyc) corresponding to 25
tons axle load calculated in accordance with
American Railway Engineering Association
(AREA) method (Li and Selig 1998) was
applied. The tests were conducted at a
frequency (f) of 15 Hz, which simulated train
speed (V) of about 110 km/h. This train speed
corresponded to a wheel diameter of 0.97 m,
and distance between the wheels of common
rolling stock bogies of 2.02 m. For these train
speeds, the average contact stress at the sleeperballast interface obtained by the AREA method
was 447 kPa (Esveld 2001). The total number
of load cycles applied in each test was 200,000.
The testing was halted at a prescribed number
of load cycles, and readings of settlement,
lateral displacement of walls, and load
magnitudes were recorded. Two tests were
conducted to investigate the response of cyclic
loading on railroad ballast. The deformation of
model railroad track was analyzed through
these tests, whereas the effect of a particle-sizedistribution was studied in terms of deformation
and breakage control.
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Gradation A (15 Hz)
Gradation B (15 Hz)
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Figure 4.Vertical deformation of fresh ballast.

The gradation A of ballast had less vertical
deformation than gradation B of ballast, and the
deformation rate became smaller with the
accumulation of load cycles in both cases.
3.2

Resilient Modulus

The Figure 5 shows the evolution of Resilient
Modulus (MR) with the number of load cycles
(N). Both ballasts have resilient modulus
between 243 to 246 MPa.

Figure 6. Change in particle size of ballast under cycling
loading.
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Figure 5. Variation of Resilient modulus with number of
load cycles.

3.3

Particle Breakage

After each test, granulometric analysis test was
carried, before and after the test, to obtain
Breakage index Bg defined by Marsal (1967).
The Breakage index Bg is the summation of
positive values of ΔWk, expressed as
percentage, ΔWk being the difference between
retained percentage in each sieve before and
after triaxial testing.
Figure 6 shows the variation of ∆Wk with
grain size for the two specimens. As indicated
in Fig. 6, gradation A of ballast shows the least
degradation.

Triaxial testing results on ballast have
implied that the initial particle size distribution
shifts towards smaller particle sizes, with the
maximum size unaffected before and after
loading, as shown in Figure 7. An arbitrary
boundary of maximum breakage is controlled
by the smallest sieve size (2.36 mm in this case)
and signifies a practical upper limit for ballast
breakage, extending from d95 of the maximum
sieve aperture dmax to the smallest sieve aperture
dmin. Based on a laboratory observation, the
Ballast Breakage Index (BBI) has been
introduced and defined as follows (Indraratna et
al, 2005):
BBI = C/(C + D)

(1)

where C is the area as defined previously, and
D is the potential breakage or the area between
the arbitrary boundary of maximum breakage
and the final particle size distribution.
The BBI for gradation A ballast was 0.054
and 0.059 for gradation B ballast.
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Gradation A (15 Hz)
Gradation B (15 Hz)

∆Wk = Wki - Wkf (%)
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Figure 7. Evaluation of the Ballast Breakage Index
(Indraratna et al, 2005).
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CONCLUSIONS
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The results indicate that, the gradation A of
ballast showed least permanent deformation
compared to gradation B of ballast. The
laboratory experiments also verified that the

resilient modulus of ballast remained almost
constant for both gradations at this loading
frequency.
Assesment of particle size distribution
curves before and after testing indicates that
ballast particles in B gradation were more
susceptible to breakage compared to those in A
gradation.
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